The contribution of epiphytes associated with physical substrates to the nutritional requirements of postlarval shrimp, Penaeus esculentus Haswell was determined in highdensity rearing systems (3000, 6000 and 11,000 m -3 ). 
Introduction
In intensive pond and tank systems, the nutritional requirements of shrimp are generally met by the addition of formulated feed. However a number of studies have shown that the natural biota can contribute substantially to shrimp growth ( The brown tiger shrimp, P. esculentus is an endemic Australian penaeid species (Grey, Dall & Baker 1983) . It is a key species in a major Australian fisheries and, more recently, has become a cultured species in Australia. In their natural habitat, juvenile P. esculentus are predominantly omnivorous, with gut content analysis showing that protozoa, diatoms, seagrass and zooplankton are the preferred food sources (O'Brien 1994) . Much of the microalgal and protozoan species consumed are likely to be seagrass epiphytes (Loneragan, Bunn & Kellaway 1997) . Other juvenile and postlarval penaeid species have also been shown to consume considerable amounts of plant material (Newell, Marshall, Sasekumar & Chong 1995; Heales, Vance & Loneragan 1996; Dittel, Epifanio, Cifuentes & Kirchman 1997) . However, as P. esculentus grow, their feeding behavior generally shifts from omnivorous to carnivorous (Smith, Dall & Moore 1992; O'Brien 1994) .
Measurement of stable isotope ratios in food sources and consumers can be used to determine the importance of different food sources to shrimp nutrition (Gearing 1991; Shearer & Kohl 1993; Phillips & Gregg 2003 
Materials and Methods

Experimental and tank design
In January 2001, an experiment was conducted to determine the contribution of epiphytes, grown on two types of substrates, to the nutritional requirements of postlarval Two artificial feeds were used: a dried diet which was a combination of a high protein respectively, and for days 15 to 21 only the ground high-protein shrimp feed was fed.
The feed rates and composition were adjusted on a day-to-day basis.
Natural abundance isotope experiment
Samples were taken between days 10 and 13 after stocking when the shrimp were between PL 27 and PL 30 ( Table 1 ). The material sampled from each tank was:
1. epiphytes from the substrates (AquaMat and Polyethylene Mesh) and tank walls (~3 g ww)
2. approximately 20 shrimp (~1 g ww)
3. formulated diets (~1 g ea.)
The epiphytes of a known area for each substrate type were collected with a scalpel by scraping the surface of the substrates. The total area collected for each substrate type was: AquaMat -one side of a floating and one side of a sinking frond with a total surface area of 80 cm 2 ; polyethylene mesh -collected from 10 cm x 10 cm area; and walls -collected from 20 cm 2 area. The wall with the curtain of bubbles (Air Wall) was differentiated from the other walls (Other Walls) in each tank. Samples were dried for 24 h at 60 0 C.
Shrimp were collected by random netting throughout each tank. Shrimp were stored frozen and later dried at 60 0 C for 24 h on acid-washed glass petri dishes. Shrimp and 8 epiphytes were then ground with mortar and pestle. Shrimp sampled from each tank were combined before grinding.
P.esculentus postlarvae were not sampled for natural abundance signatures prior to commencing the experiment. However, P. monodon postlarvae were reared indoors on the same artificial feed as that used for P. esculentus postlarvae. Samples were taken at the same size as P. esculentus, when stocked into the outdoor tanks, and one and two weeks later to determine the stable isotope signal due to formulated feed. Ammonia concentrations in the tanks were determined by filtering water samples through 0.45 m cellulose acetate filters, then analyzing using the phenate method (American Public Health Association 1995). The amount added per tank ranged from 3.63 to 92.65 mg N tank -1 . Flow-through water was turned off to allow the epiphytes time to assimilate and cycle the 15 N-ammonium. One hour after the addition of 15 N-ammonium chloride, biota samples were taken and 24 h later, shrimp samples were taken. Collection and processing protocols for this study were the same as for the natural abundance isotope experiment.
N-enrichment experiment
The shrimp biomass was calculated from the stocking density, estimated mortality and average wet weight of shrimp (100 animals tank -1 were weighed).
Analyses and calculations
Natural abundance and 15 N-enriched samples of epiphytes and shrimp were analyzed for N and C content using an elemental analyzer (Eurovector 3000) and for 
Results
Visual examination of the epiphytes showed that there were considerable differences among treatments. Initially, the AquaMat TM treatments had a high level of epiphyte coverage on the walls, especially the wall where the air bubbles were generated. The epiphytes were dominated by a low profile algal turf with short filamentous threads. The epiphytes also varied considerably between substrate types. The Polyethylene Mesh had a low profile algal turf with few filamentous strands whereas the AquaMat TM had a dense mat of short filamentous algae.
There were statistical differences in the  15 N and/or  13 C ratios between the three surfaces sampled in each treatment: the wall where the air bubbler was situated ('Air Wall'), the other walls ('Other Walls'), and the substrate (Substrate) for all treatments with the exception of Aquamat TM 11000 (Table 2) . However, there were no consistent trends. The 'Other Walls' had a more depleted  13 C ratio than the other surfaces, but not a lower  15 N ratio in the AquaMat 3000 treatment. The 
13
C ratio for the 'Other Walls' in the AquaMat 11000 treatment was also depleted but not the  15 N ratios. In contrast, the Polyethylene Mesh + AquaMat 3000 treatment, the 'Other Walls' had a more depleted  13 C ratio and a higher  15 N ratio.
Overall, when data for all surfaces within each treatment were combined, there was a distinct difference in the  13 C ratios of the epiphytes in the Polyethylene Mesh 3000 treatment compared with the other three treatments (AquaMat 6000, Polyethylene
Mesh + AquaMat 3000, AquaMat 11000) (Fig. 1) . The  15 N ratios were similar between treatments.
The two sources of artificial feeds had similar  15 N and  13 C ratios, and these were distinctly different from that of epiphytes and shrimp (Fig. 1) . The  15 N and  13 C natural abundance ratios of shrimp across treatments were similar. This contrasted with the signatures of shrimp reared in the absence of epiphytes. At the end of the experiment, natural food sources were calculated to contribute to shrimp nutrition in all the treatments, ranging from 39% of carbon retained in the Polyethylene Mesh 3000 treatment, to 53% in the AquaMat 11000 treatment (Table 3 ). The contribution of nitrogen from natural food sources could not be calculated because the  15 N/ 14 N ratios for the food sources were too similar. The carbon:nitrogen (C:N) ratio of the epiphytic community in the Polyethylene Mesh 3000 treatment was higher than the other treatments while the C:N ratios of the shrimp were similar across treatments (Table 3 ).
The addition of 15 N-enriched ammonium chloride resulted in isotopic enrichment of the epiphytic community within 1 h, and shrimp within 24 h in all the treatments (Table 4) .
Previous studies have shown that the natural biota in tank systems rapidly assimilated ammonium and reached isotopic equilibration within 1 h of the addition of nitrogen is likely to be higher than carbon because of the additional variable; the fractionation shift in nitrogen isotopic ratios with trophic level. Additionally, natural abundance techniques rely on a degree of differentiation between the food sources, a problem that was encountered in this study.
While stable isotope techniques provide a useful indicator of the contribution of a food source to shrimp nutrition, the variability is often sufficiently high to preclude an accurate measure of the contribution or a comparison between treatments. However, in terms of both carbon and nitrogen, the treatment with polyethylene mesh alone appeared to contribute less than the other treatments. Therefore, the complexity of the structure may be an important factor.
In this study, no attempt was made to adjust the addition rate of formulated feed to account for the contribution of the natural biota. Studies in shrimp ponds have shown that much of the dietary nutrients fed to shrimp are not assimilated and ultimately impact on the health of aquatic waterways when water from farms is discharged (Naylor, Although carbon and nitrogen from epiphytes contributed to shrimp nutrition, it is unclear from this study how natural food sources contribute to shrimp growth compared with artificial feeds. Previous studies have shown that the presence of natural biota results in substantial improvements in shrimp nutrition over the use of artificial feeds alone (Leber & Pruder 1988; Moss & Pruder 1995; Otoshi et al. 2001) . However this effect may be related to the quality of the food source, i.e. amino acid composition, micronutrients, rather than the quantity of protein (N), carbohydrate or lipids (C).
In conclusion, this study has shown that the natural biota in high-density tank systems with substrates can contribute substantially to the carbon and nitrogen requirements of P. esculentus postlarvae. This study suggests that there are benefits in promoting the epiphytic community in tanks with substrates, at least in the early stages of shrimp growth. It still remains to be established, however, whether the epiphytic community continues to contribute to shrimp nutrition throughout the juvenile phase.
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